Pathogenesis of allergic disease
The pathogenesis is still not completely elucidated. 11 The hallmark of an allergic disease is, by definition, the enhanced production of IgE antibodies in response to otherwise "harmless" environmental antigens (allergens). Hematolymphatic cells, particularly CD4 T cells, appear to play an important role. Upon inhalation, ingestion, or transcutaneous diffusion of the allergen, dendritic cells and/or allergen-specific B cells present peptides from the allergen to allergen-specific CD4 T cells. These allergen-specific CD4 T cells, which have a Th2 phenotype as they secrete interleukin (IL)-4, IL-5, and IL-13, are responsible for the activation and/or recruitment of the cellular triad of IgE-producing B cells/plasma cells, mast cells, and eosinophils, leading to allergic inflammation. IgE antibodies bind to high-affinity Fc⑀ receptors (Fc⑀RI) present on the surface of mast cells and basophils. Allergen-induced cross-linking of Fc⑀RI triggers the release of vasoactive mediators, chemotactic factors, and other inflammatory mediators ( Figure 1 ). Regulatory T cells suppress allergic disease in murine models of asthma 12 and may represent a counterregulatory mechanism also in human allergic disease. 13 Nonhematolymphatic cells like bronchial smooth muscle cells, myofibroblasts, airway epithelial cells, or skin keratinocytes may also play a role in the pathogenesis of allergic disease. [11] [12] [13] [14] Epithelial cells produce cytokines (thymic stromal lymphopoietin (Figure 1 ). Epithelial cells may be stimulated directly by the antigen to produce these molecules without a need for allergen-specific T or B cells. 15 Smooth muscle cells of the bronchi are increased in number and hyperresponsive to nonspecific stimuli (eg, methacholine or histamine) in patients with asthma, and produce inflammatory mediators (eg, histamine, leukotrienes). Whether the alterations of the epithelial and smooth muscle cells are primary or secondary to stimuli from the hematolymphatic cells is not known.
HCT in relation to immune disorders
Immune deficiencies that are caused by a defect of hematolymphatic cells are typically cured by allogeneic HCT. Allogeneic HCT can also lead to transfer or cure of autoimmune diseases. The transfer has been reported for thyroiditis/hypothyroidism, polyendocrinopathy, insulin-dependent diabetes, immune thrombocytopenia, inflammatory bowel disease, celiac sprue, sarcoidosis, psoriasis, and myasthenia gravis. 8 The cure or long-term remission has been reported for rheumatoid arthritis, Crohn disease, ulcerative colitis, psoriasis, autoimmune hepatitis, multiple sclerosis, hyperthyroidism, systemic lupus erythematosus, and vasculitis. 9, 10 
Transfer of allergy with transplantation
In mice, allergic airway response has been transferred by CD4 T cells from allergen-sensitized to nonsensitized animals. 16, 17 However, mouse models differ from the human disease. [18] [19] [20] For example, IL-8 (CXCL8) is produced by nasal epithelial cells of persons with allergic rhinitis 21 but is not produced in mice. 22 In addition, mast cell infiltration of bronchial smooth muscle, a major correlate of bronchial hyperresponsiveness and allergic asthma in humans, 23 is absent in the mouse models of allergic asthma.
In humans, transfer of allergy or allergic disease with T cellreplete HCT has been described in several retrospective case reports (Table 1 , patients 1-11) [24] [25] [26] [27] [28] [29] [30] [31] and one prospective study (Table 1, patients 12-18) . 32, 33 In the retrospective studies, the transfer of allergic disease was described conclusively in 4 patients (patients 1, 4, 5, 6 in Table 1 ). The most frequent reasons for inconclusiveness for the transfer in the other patients (Table 1 footnotes) were the lack of information on allergic disease in the recipient before transplantation, or the presence of clinical manifestations of allergic disease or elevated allergen-specific IgE in the recipient before transplantation. In the case of patients 9 and (4) . IgE binds to Fc⑀RI on the mast cells or basophils (5) . Mast cells, basophils, and eosinophils release vasoactive, chemotactic, and other inflammatory mediators (histamine, leukotrines, etc) (6) resulting in edema, smooth muscle hyperresponsiveness and hypertrophy, basal membrane thickening, and mucus secretion. Perhaps due to the influence of the hematolymphatic cells (?) epithelial cells do the following. Epithelial cells release TARC and IL-16 that activate CD4 T cells (via CCR4 receptor), leading to release of cytokines like IL-4, IL-5, and IL-13 (7) . Epithelial cells release GM-CSF and chemokines like RANTES and Eotaxin that lead to recruitment and activation of eosinophils (via CCR3 receptors) (8) . Epithelial cells release growth factors like PDGF and EGF that stimulate smooth muscle cells to proliferate and secrete histamine (9) . Smooth muscle cells are also activated by mast cells. Epithelial cells release proinflammatory cytokines like TNF-␣ (stimulates macrophages and dendritic cells) and IL-8 (recruits neutrophils; 10).
10, the authors reported the transfer of clinical manifestations but did not study allergen-specific IgE. Conversely, in patient 3, the authors reported the transfer of allergen-specific IgE production but not the clinical manifestations.
The only prospective study performed thus far included 11 patients. All had allergic donors; recipients included both those with and those without allergy before transplantation. The study focused on the transfer of allergen-specific IgE production (regardless of clinical manifestations in individual patients). Nevertheless, patient-specific data were reported on 7 donorrecipient pairs (patients 12-18 in Table 1 ), one of them showing conclusive evidence of allergic disease transfer (patient 12). Short-term follow-up results (up to 1-3 years after transplantation) were reported by Agosti et al 32 and long-term follow-up results (14-16 years after transplantation) by Hallstrand et al. 33 At 1 to 3 years after transplantation, production of allergenspecific IgE previously seen only in the donor (and not in the recipient) was demonstrated by SPT and/or RAST in 8 of the 11 patients; acquisition by the recipient of new allergen-specific IgE (IgE for allergens that was not elevated in the donor before transplantation) was rare. By 14 to 16 years after transplantation, the production of allergen-specific IgE previously seen only in the donor typically continued; additionally, there was a frequent acquisition by the recipient of new allergen-specific IgE. Among the 11 patients, there were 5 patients who did not have asthma or rhinitis before transplantation and whose donors had asthma or rhinitis. All 5 patients developed asthma or rhinitis by 3 years after transplantation. Three of the 5 patients were followed until 14 to 16 years after transplantation, and at that time all 3 patients had asthma or rhinitis (patients 12, 14, 15). Severity of asthma or rhinitis in these patients appeared to be the same as or worse than in the donor before transplantation.
As hematolymphatic cells may be transferred with solid organ transplantation, it is of interest to also review case reports of allergic disease transfer after solid organ transplantation. This was reported in 3 cases in which the donor died due to anaphylaxis, and his/her organs were used for multiple recipients (Table 2) . [34] [35] [36] The transfer in all 3 cases was restricted to the recipients of liver, perhaps because liver grafting is more likely to result in hematolymphatic cell chimerism than grafting of other solid organs. 37 Of the 3 case reports, only the one by Legendre et al 36 is conclusive, as recipient pretransplantation allergen-specific IgE was not studied in the other reports.
In summary, transfer of allergic disease was documented conclusively in 5 transplant recipients (patients 1, 4, 5, 6, and 12 in Table 1 ) and 1 liver transplant recipient (patient 3a in Table 2 ). However, this does not necessarily mean that allergic disease is transferable with HCT because a control population has not been studied to determine the rate of spontaneous acquisition of allergic disease either in healthy individuals or in nonallergic patients receiving hematopoietic cell transplants from nonallergic donors.
Cure of allergy with HCT
There are only 3 reports of allergic disease remission after HCT from a nonallergic donor (Table 3 ). The first report (Wahn et al 38 ) was on a patient who underwent HCT from his HLA-identical sister for Fanconi anemia. Before transplantation, the patient developed anaphylaxis during a surgical procedure due to latex allergy. Specific IgE was elevated for latex (Ͼ 100 kU/L) as well as for multiple aeroallergens. After HCT from a healthy sibling with undetectable latex and aeroallergen-specific IgE, levels of latex and aeroallergen-specific IgE gradually declined, became undetectable at 14 months, and remained undetectable at the end of follow-up at 20 months posttransplantation. Also consistent with allergy remission, total IgE level declined from very high pretransplantation (Ͼ 2000 IU/ mL) to normal at 1 month (88 IU/mL) and remained normal throughout the end of follow-up at 20 months after transplantation.
In the second report (Koharazawa et al 39 ), a patient with chronic myelogenous leukemia and a concomitant 20-year history of eczema underwent HCT from a healthy HLA-matched unrelated donor. The patient was eczema-free from day 70 until the end of follow-up at 4 years after transplantation. Unfortunately, allergenspecific IgE was not reported.
In the third report, Hourihane et al 40 described a patient with an unclassified T-and B-cell deficiency who also had eczema, asthma, and peanut-induced angioedema with a high serum level of peanut-specific IgE (23 kU/L). After HCT from a healthy unrelated donor, the patient did not have clinical manifestations of allergic disease, and his total IgE fell from very high (2533 IU/mL) before transplantation to normal (100 IU/mL) by 2 months and remained normal at the last determination at 17 months after transplantation. At the same time, peanut-specific IgE was undetectable by RAST, peanut SPT was negative, and oral challenge with peanuts (8 g) was negative. The patient continued to consume peanuts and peanut butter without problems until the end of follow-up at 24 months after transplantation.
In summary, remission of allergic disease after HCT was conclusively described in 2 cases (patients 1 and 3 in Table 3 ). However, this does not necessarily mean that allergic disease is curable with HCT because (1) there may be a substantial publication bias in favor of reporting cure, and (2) a control population has not been examined to determine the frequency of spontaneous remission of allergic disease in otherwise healthy allergic individuals or in allergic patients receiving hematopoietic cell transplants from allergic donors.
Mechanism of transfer/cure of allergy with allogeneic HCT
Passive transfer of allergen-specific IgE is unlikely to be responsible for the transfer, as the half-life of serum IgE is short (2-4 days). 41 Even if it is presumed that passively transferred donor's serum IgE binds to recipient's mast cells, then also the half-life remains less than 3 weeks. This contrasts with the fact that allergic disease may be ongoing for at least 16 years after transplantation. 33 Th2-biased immune reconstitution after HCT could be the mechanism for allergy "transfer." 42, 43 Th2 cytokines like IL-4 and IL-10 may be up-regulated in allograft recipients 44 ; however, persistent Th2 bias as a routine consequence of HCT is unlikely because allergic disease is not commonly reported after HCT. We found only one case report that describes acquisition of allergy after allogeneic HCT from a nonallergic donor. 43 Donor-type nonhematolymphatic cells (eg, airway smooth muscle cells, myofibroblasts, epithelial cells) might exist in the recipient. These cells could originate from circulating nonhematolymphatic cell precursors transferred with the graft or from transferred hematopoietic stem cells differentiating into the nonhematolymphatic cells due to hematopoietic stem cell plasticity. 45 However, the percentage of donor-derived airway NR indicates not reported; yo, years old; SPT, skin prick test; HLA-MM, human leukocyte antigen mismatched; DM, dust mite (species not specified); DF, Dermatophagoids farinae; DLI, donor lymphocyte infusion; RAST, radio allergosorbent test; CML, chronic myelogenous leukemia; AML, acute myelogenous leukemia; ALL, acute lymphoblastic leukemia; NHL, non-Hodgkin lymphoma; CM, clinical manifestation; T-IgE, total IgE; and A-IgE, allergen-specific IgE.
*Total serum IgE (suggestive but not diagnostic of allergy), typical reference value less than 300 IU/mL. †Allergen-specific IgE (diagnostic of allergic disease if present in a person with clinical manifestations of allergic disease). Typical reference value is less than 0.35 kU/L or RAST score 0 (scale 0-4). ‡Allergy status evalution was done at multiple time points after transplantation, however, the data shown in the table is for the time point when most prominent allergic reactions were observed or, if the timing of the allergic symptoms was not reported, the latest posttransplantation time point available. §Duration of pharmacologic immunosuppression ¶Agosti et al 32 : only patients for whom patient-individual data have been reported are shown here.
ʈHallstrand et al 33 : only patients for whom patient-individual data have been reported are shown here.
**Patient 2: The recipient pretransplantation had eczema, recipient allergen-specific IgE pretransplantation was not reported; and presence or absence of clinical rhinitis or asthma posttransplantation could not be determined as the recipient had frequent respiratory infection. † †Patient 3: transfer of allergy but not allergic disease. ‡ ‡Patient 7: pretransplantation allergen-specific IgE in the recipient was not studied. § §Patient 8: no patch test or allergen-specific IgE result on the recipient pretransplantation was reported. ¶ ¶Patients 9 and 10: allergen-specific IgE was not studied. ʈʈPatient 11: the donor had elevated IgE to dog, dust mite, and pollens but not banana, but the recipient posttransplantation had elevated IgE to dog, dust mite, pollens, and banana; recipient pretransplantation levels of IgE to dog, dust mite, and pollens were unreported, but he was known to have an elevated level of IgE to banana (so the allergy to banana could be of recipient origin). ***Patients 13 and 16: recipient pretransplantation had rhinitis and/or asthma. † † †Patients 14, 15, 17, 18: unclear whether allergic or nonallergic asthma/rhinitis was transferred; also, patient 18 had positive SPT for dust mite pretransplantation. *Total serum IgE (suggestive but not diagnostic of allergy), typical reference value less than 300 IU/mL. †Allergen-specific IgE (diagnostic of allergic disease if present in a person with clinical manifestations of allergic disease). Typical reference value is less than 0.35 kU/L or RAST score 0 (scale 0-4). ‡Allergy status evalution was done at multiple time points after transplantation, however, the data shown in the table is for the time point when most prominent allergic reactions were observed or, if the timing of the allergic symptoms was not reported, the latest posttransplantation time point available. §Duration of pharmacologic immunosuppression ¶Agosti et al 32 : only patients for whom patient-individual data have been reported are shown here.
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ALLERGIC DISEASE AND HCT
ʈReason for the inconclusiveness of transfer in patients 1a and 2a: recipient pretransplantation allergen-specific IgE was not studied.
epithelial cells is low (Ͻ 10%) even at more than 10 years after transplantation. 46, 47 Thus, a substantial contribution of donor nonhematolymphatic cells to the mechanism of allergy transfer is unlikely.
The most likely mechanism of allergy transfer is the transfer of either hematopoietic cell precursors having a tendency to differentiate into allergy-prone hematolymphatic cells, or the transfer of mature allergen-specific B or T cells. The former is supported by the frequent acquisition by the recipients of grafts from allergic donors of new allergen-specific IgE (not detected in the donor). 33 The latter is supported by the transfer of ovalbumin-triggered allergic asthma from ovalbumin-allergic to nonallergic mice by CD4 T cells, 16, 17 and by the fact that in the 5 human cases of conclusive transfer of allergic disease with HCT (Table 1) , both the donor and the recipient were allergic to the same allergen(s).
Cure or remission of allergic disease could be due to the exchange of allergy-prone hematolymphatic cells for healthy hematolymphatic cells. In the 3 case reports of allergy "cure" (Table 3) , the recipients became complete chimeras (all hematolymphatic cells of donor origin). It would be interesting to know whether allergy cure/remission can also be achieved in the setting of mixed chimerism. If yes, this would suggest that transferred regulatory cells (which may be deficient in allergic patients 12 ) from the healthy donor could play a role in the cure/remission. Could the conditioning chemo/radiotherapy account for the cure/remission? Probably not, because cytotoxic therapy (with or without autologous HCT) does not result in human asthma/allergic disease cure. [48] [49] [50] [51] Consistent with that, in mice cytotoxic therapy does not eliminate antigen-specific IgE. 52 Could posttransplantation therapy with immunosuppressive drugs account for the cure/remission? Probably not, because in the 3 reported cases (Table 3) , allergic disease did not recur within 8 to 32 months after the discontinuation of immunosuppressive drugs. Moreover, in the 3 reported cases of allergy transfer with liver grafting (Table 2) , allergic disease manifested while the patients were on immunosuppressive drugs.
Conclusions
Given the 5 conclusive cases of transfer and 2 conclusive cases of cure, the hypothesis may be proposed that allergic disease is transferable and curable with HCT. However, the likelihoods of transferability and curability are unknown. To determine the likelihoods, large cohorts of nonallergic patients with allergic donors, allergic patients with nonallergic donors, and appropriate controls need to be prospectively studied. The controls should include (1) controls for spontaneous development of allergic disease over the period of follow-up (healthy persons of similar age and genetic background as the hematopoietic cell transplant recipients); (2) controls for spontaneous remission (otherwise healthy persons with allergic disease); and (3) controls for development or remission of allergic disease due to posttransplantation immune dysregulation (cohorts of nonallergic patients with nonallergic donors as controls for the allergic disease development, and cohorts of allergic patients with allergic donors as controls for the allergic disease remission).
Overally, the setting of allogeneic HCT offers an opportunity for unique insights into the pathogenesis of human allergic disease. A large prospective clinical study with appropriate 
